Components of a satellite-based system for estimating the crop water requirements of irrigated vegetation were brought together, applied, and tested against field data. The operational framework for obtaining cloud cover was developed and applied, using hourly sampled, 1-km resolution, GOES-7 data as received in real time in Obregon, Mexico. The cloud-screening procedure was used to derive half-hourly estimates of solar radiation from satellite data for the Yaqui Valley irrigation scheme near Ciudad Obregon in Sonora, Mexico for the period November 1998-March 1999. Estimates were made on a 4-km grid using a high-resolution development of the Global Energy and Water-Cycle Experiment Surface Radiation Budget (GEWEX/SRB) algorithm applied with GOES-West satellite data. The values derived from the satellite data were, on average, about 9% lower than field measurements made at two sites located in the irrigated region. After re-calibration, the estimates derived from GOES-West were used to compute évapotranspiration using the Makkink equation and locally derived crop coefficients. The results show that it is possible to make high resolution near real-time estimations of crop evaporation for cotton and wheat, the two most important crops grown in the Yaqui Valley.
INTRODUCTION
Evapotranspiration is an important process in water resources and hydrological studies. If water is readily available, the process is mainly driven by solar radiation and, in regions where data are scarce or non-existent, remotely sensed estimates of radiation have potential value for estimating évapotranspiration over large areas (Garatuza et al., 2001) . Until recently, surface observations of the extent and nature of cloud cover have served as the major source of information on clouds and incoming solar radiation (Warren et al., 1986) . However, surface observations are scarce in unpopulated land areas and, when available, they are only point samples that provide little information on the spatial variability of solar radiation. Measurements of clouds using Earth satellites have the potential to supplement surface observations by providing information on incoming solar radiation at larger spatial and time scales. The focus of interest in this study was to derive satellite-based measurements of fractional cloud cover, and estimate incoming solar radiation at the surface and évapotranspiration for irrigated crops at high-spatial resolution over an area of about 10 6 km 2 in a semiarid region of northwest Mexico during daylight hours, when most of the evaporation takes place.
The cloud detection method originally developed by the National Oceanic and Atmospheric Administration's National Environmental Satellite Data and Information Service (NOAA/NESDIS) in support of the Global Energy and Water Cycle Experiment (GEWEX) Continental-scale International Project (GCIP) (Leese, 1997) can be used to infer the radiation fluxes at the surface using the physical model described in Pinker & Laszlo (1992) . In the present study, this approach was modified and applied to the (relatively small) study region using 1-km resolution observations in the visible channel of GOES-7 to give cloud information. These data were first processed at the 1-km pixel level and subsequently mapped onto a 4-km grid. To do this, an efficient procedure was developed to detect the presence of clouds using thresholds that allow for random noise and seasonal changes in the background clear-sky radiance. For evaluation purposes, this new, high-resolution procedure was applied over an annual cycle, and the results were compared against other sources of cloud information. The implementation, application, and results of that evaluation are presented in . The new, highresolution cloud-screening procedure was used to derive half-hourly estimates of solar radiation from satellite data for the Yaqui Valley for the period November 1998-March 1999. The resulting values were compared with field measurements made at two field sites located in the irrigated region.
Several previous attempts to estimate solar radiation and/or évapotranspiration from satellite data have relied on one or two images per day and thus poorly sampled the diurnal cycle. However, one successful study, the TiSDat (Timely Satellite Data for Agricultural Management) project (Diak et al., 1998) , used the multiple GOES satellite images available each day to estimate regional solar radiation and evaporation for irrigation scheduling. The present work explores the potential use of half-hourly GOES satellite images to provide daily estimates of cloud cover, solar radiation, potential evaporation and, by combining the latter with previously defined crop factors, évapotranspiration for fields in the Yaqui irrigation valley.
STUDY AREA
The study area is in northwest Mexico and includes the states of Baja California, Sonora, Sinaloa, and part of Chihuahua (Fig. 1 ). It has highly variable topography, with plains in the northwest and some elevated plateaux above 1500 m. It includes the Sierra Madre Occidental Mountains, which have elevations typically greater than 3000 m, and steep slopes, especially in the south where the mountains almost reach the coast (Maddox et al, 1991) .
The climate of this region is very dry. The dominant synoptic factor is a high pressure belt associated with the "Bermuda High", which lies south of Mexico in the winter and north of Mexico in the summer, implying westerly and easterly air flow in winter and summer, respectively. Rainfall in northwest Mexico during the months of July to September accounts for 60-80% of the total annual rainfall (Douglas et al., 1993) , with rainfall totals in some locations along the western slopes of the Sierra Madre Occidental Mountains exceeding 650 mm during this 3-month period. Mean monthly total rainfall exceeds 300 mm at many locations. Average yearly precipitation is around 350 mm, but it ranges from less than 200 mm at the coast to approximately 400 mm at the foot of the Sierra Madre Occidental Mountains and up to 800 mm at higher elevations in these same mountains. Average daily temperature varies from 18°C in January to 31°C in July, and the daily temperature range is typically 10-15°C. Average daily relative humidity ranges from 70% in the two wet seasons to 50% in May and June, when daytime relative humidity can be 25% or less (Stewart et al., 1994) .
OBSERVATIONS AND METHODS

Satellite data
The primary observations collected for this study are the reflected, visible (0.52-0.72 urn) radiances observed by the imaging spin-scan radiometer (VISSR) on the GOES-7 and GOES-10 geostationary satellites. Twelve visible images (hourly, for daylight hours) from July 1993 to July 1994, and 24 visible images (half-hourly, for daylight hours), from November 1998 to March 1999, were collected daily by a GOES receiving station located at the Instituto Tecnolôgico de Sonora (ITSON) in Cd Obregon, Mexico. The GOES satellites view half of the Earth in a single scene and provide visible data that have a stable response, nonlinear, 6-bit precision for GOES-7, and linear, 10-bit precision for GOES-10, with, at the study site, a near-nadir view and approximately 1-km resolution. The data used are full-resolution GOES-7 and GOES-10 images in raw data format.
Ground data
To compare with the remotely sensed estimates, ground-based measurements of fractional cloud cover were available for the period July 1993-July 1994 from a Campbell-Stokes heliograph located at the National Meteorological Service Observatory in Obregon, Sonora (27.36°N, 109.91°W). In addition, solar radiation data were collected from November 1998 to March 1999, using two Eppley pyranometers located at ITSON's Experimental Stations in the irrigated region around Obregon: specifically at Site 910 (27.37°N, 109.92°W) and Site 1517 (27.20°N, 110.18°W) . Additionally, surface energy fluxes were measured during April, 1999, with two identical Eddy Correlation systems (Campbell Scientific, USA) over two crops in the irrigation scheme (wheat and cotton).
Methodology
Deriving fractional cloud cover Many authors have described the use of satellite data to determine cloud cover (e.g. Stowe et al., 1989; Warren et al, 1986; Wylie & Menzel, 1989; Sèze & Rossow, 1991; Stewart et al, 1994) . The earliest attempts used data from polar-orbiting satellites and were limited to one daylight image per day, which precluded investigation of diurnal changes in cloud cover. In the present study, image processing to derive cloud cover involved applying a cloud-detection algorithm, which relies on the fact that, when observed from a geostationary orbit, the clear-sky surface brightness at each location at a given time of day changes only slowly with time. Changes do occur, but these are in response to changes in the geometry of solar illumination, or are due to slow changes in surface albedo caused by seasonal variation in vegetation and surface conditions. The algorithm assumes that any partial cloud cover in a selected target area increases the variance in the visible and infrared radiance over the area.
Generally, a Clear Composite Radiance (CCR) is required as a threshold in the cloud-detection algorithm , the CCR being the radiance of an area under clear-sky conditions with minimum aerosol and atmospheric contribution to the signal. To compute the CCR, the radiance for each individual pixel is first corrected to allow for changes in the sun-to-Earth distance and solar zenith angle using standard equations and parameters from the Nautical Almanac. The full-resolution (approximately 1 km) pixels are then grouped into 4 km x 4 km "target areas", and the average value, R, and standard deviation, a, of the corrected radiance are computed for each target area and for each half-hourly image. During preprocessing, fields of CCR are maintained in the visible waveband for every (4 km x 4 km) target area and for every daylight half-hour for which the solar zenith angle is less than 75°. These fields are updated very conservatively in order to minimize the risk of cloud contamination. Corresponding fields of a, the standard deviation of radiance in the visible waveband in clearsky conditions, are also maintained.
For a specific target area at a specific time of day, the CCR and standard deviation fields are updated if it is certain that there are no clouds in the corresponding target area. To guarantee totally clear conditions, a target is updated only if R < (7? c iear + l-5a c i ear ) and o < 4a c iear, where R is the currently measured radiance, /? c i ea r is the stored minimum value of radiance, a is the new standard deviation of radiance for the target area, and rjdear is the previously stored value of standard deviation. A new method was developed to update the CCR: when the observation from a target area meets the above criteria, the CCR is updated with a weighted average of the new and the old values, with the new value being given a weight, W, which is an exponential function of the number of days, iVdays, since the last update, specifically W = 0.7exp(iV*days/10). This weighting factor was carefully selected by trial and error to minimize the possibility of sub-pixel cloud cover contributing to the observed radiance of accepted values to give slow brightening of the CCR fields.
The values of i? c iear and a c i ear are also used to define the threshold between clear and partly cloudy pixels in the cloud-detection algorithm. Each pixel in each target area is classified on the basis of its top of the atmosphere albedo as being clear, partly cloudy, or cloudy. Thus, the observed value of radiance for the pixel is compared against JR c iear, the clear-sky composite value for the target area in which it falls and, if the observed value is less than (i? c iear + 13a c iear)> the pixel is classified as being a clearsky pixel. (Note: The factor 13 may vary with application and is sometimes called the "contrast threshold".) If the observed raw data count is greater than 35% of the albedo value for cloudy skies, the pixel is classified as being totally cloud-covered. If the pixel does not fall into either of the clear-sky or totally cloud-covered categories, it is classified as having mixed cloud cover. Pixels defined as having mixed cloud cover are then re-allocated between the clear-sky and totally cloud-covered categories as explained in .
Deriving incoming solar radiation
The development of techniques for deriving solar energy incidents at the Earth's surface from satellite images began in the late 1970s. Several methods have been developed (e.g. Tarpley, 1979; Gautier et al, 1980; Môser & Raschke, 1983; Raphael & Hay, 1984; Dedieu et al, 1987; Pinker & Laszlo, 1992; Pinker etal, 1995) .
In this study, the GEWEX/SRB algorithm (Whitlock et al, 1995) was used to infer the downward solar radiation at the ground from satellite observations. This algorithm is based on the model developed by Pinker & Laszlo (1992) , in which the broadband albedo at the top of the atmosphere-which is routinely observed by GOES satellites-is related to atmospheric transmissivity by radiative transfer modelling for a wide range of surface and atmospheric conditions. Once this relationship has been specified, and given appropriate specification of the atmospheric and surface conditions, the radiative flux at the surface can be determined by inferring the transmittance of the atmosphere from the reflected radiation observed by the satellite. The short-wave radiative fluxes are computed for a plane-parallel, vertically inhomogeneous scattering and absorbing atmosphere in five spectral intervals (0.2-0.4, 0.4-0.5,0.5-0.6, 0.6-0.7, and 0.7^.0 urn) using the 8-Eddington approximation for radiative transfer (Pinker & Ewing, 1985) . In each spectral interval, upward and downward fluxes at the top of the atmosphere and at the surface are computed by determining the spectral transmittance from the top-ofatmosphere short-wave reflectance. The latter is estimated from the radiance in the narrow wavelength bands for which satellite observations are made using a transformation between narrow waveband radiance and short-wave reflectance (Zhou et al, 1996) . The modelled spectral transmittance-reflectance relationships are retained in the form of a look-up table derived for discrete values of the solar zenith angle, for different atmospheric water vapour, ozone and aerosol loading, and, most importantly, for different cloud optical thicknesses.
The high-resolution version of the GEWEX/SRB algorithm was used to provide estimates on a 4-km grid using data from the GOES-West satellite that was received at ITSON. Implementing the algorithm at high resolution requires preprocessing of the satellite data to identify and define the radiance for clear and cloudy skies, as described earlier. A full description of the method and some preliminary results are given in Garatuza et al (2001) .
Deriving crop evaporation
The daily estimates of downward solar radiation derived from satellite data for each target area were used in the so-called Makkink equation to yield daily estimates of potential evaporation. In the absence of any information on the seasonality of this equation in the study area, the one-parameter version of the Makkink equation (Makkink, 1957) was used, as proposed by de Bruin (1987; de Bruin & Strieker, 2000) . These daily estimates of evaporation were then combined with locally calibrated crop factors derived in previous individual areas of crop in the Obregon irrigation scheme, thus:
where /?, ;to tai is the daily total solar radiation estimated from satellite data in MJ day" 1 , A is the slope of the saturation vapour pressure curve (kPa K" 1 ); y is the psychrometric constant (kPa K" 1 ), À is the latent heat of vaporization of water (MJ kg 4 ), p w (= 1 kg l" 1 = 1 kg mm" 1 m" 2 ) is the density of liquid water, £crop,totai is the estimated crop évapotranspiration in mm day" 1 , CM (dimensionless) is a regional conversion factor, which depends on the net to solar radiation relationship and was found to be 0.65 for the Yaqui Valley (Garatuza et al., 1992) , while K cc (dimensionless) is a crop factor, appropriate for the specific crop and the day in the growth cycle of the crop, which describes the status of the vegetation. Garatuza et al. (1998) provided functions specifying the crop factor relevant for use with the Makkink equation in the Yaqui Valley irrigation scheme for crops that have continuous cover, specifically for wheat, and for row crops, specifically for cotton. These are based on the widely used form for crop factors which describes the function in three linear sections, thus:
where d is the number of days after emergence, a t are the four limits on the three linear sections, and di are the days on which transitions are made between linear sections. Garatuza et al. (1998) found that K cc = K c for continuous-cover crops (e.g. wheat). However, for row crops (e.g. cotton) when (d m + l m ) >d> d\ n :
and, when d > {d m + l m ):
where dm is the day the last irrigation started, k" is the number of days over which irrigation was last applied, and t c is the time constant (in days) for the decay of the influence of irrigation on row crops. The values at, d it and t c are given in Garatuza et al. (1998) for the wheat and cotton crops in the Yaqui Valley. Figure 2 shows a comparison between satellite-derived estimates of daily average cloud cover and ground-based estimates given by the Campbell-Stokes heliograph at the National Meteorological Service Observatory in Obregon, Sonora. The comparison is for daylight hours during which the solar radiation is strong enough to give a reliable measurement (i.e. excluding the first and last hour of the day). There were no systematic differences and it is likely that most of the random discrepancies given in Fig. 2 are due to sampling differences associated with the fact that the surface measurement is a point measurement, while the satellite estimate is an area-average value for the 4 km x 4 km target area. However, the effect of variations in aerosol optical thickness or in the amount of ozone or water vapour concentration in the atmosphere could also contribute. The regression coefficient between the two estimates 0 0.2 0.4 0.6 0.8 1 Cloudiness (from GOES) Fig. 2 The relationship between daily average cloudiness measured by a Campbell-Stokes heliograph on the ground relative to that estimated from satellite data with values averaged over the day length for which the Campbell-Stokes heliograph is reliable.
RESULTS AND DISCUSSION
Comparison of cloudiness with ground observations
for the 13 months for which daily values are available is 0.85 and the difference in daily mean cloudiness for the whole period was 11.3%.
Comparison of solar radiation with ground observations
The estimates of solar radiation derived using the GEWEX/SRB algorithm from GOES-West were compared with the surface observations made with two Eppley pyranometers: Site 910 (27.37°N, 109 .92°W) and Site 1517 (27.20°N, 110.18°W) , distanced 50 km. Comparison was made with the average values for the nine 4 km x 4 km grid squares closest to each field site.
At present, the calibration of the radiometer on GOES-West is uncertain, and using the prescribed satellite calibration results in a 9% underestimate between the satellite estimates and field data, when the values, from the two Eppleys, are averaged over the whole period for which data are available. Recognizing the currently poor reliability of calibration of the GOES satellite systems, the satellite estimates were re-calibrated (by +9%) to give time-average agreement with surface observations. Figure 3 shows a comparison between the resulting re-calibrated, hourly average, and daily average satellite estimates from GOES-West vs observed solar radiation at the two surface sites. Table 1 shows the root mean squared error (RMSE) in Wm' 2 and as a percentage of the mean daily values of solar radiation. Monthly values for the percentage RMSE, from the GOES-West estimate, are in the range 7-14% (30-55 Wm" 2 ) and are therefore consistent with results given by other authors (e.g. Raphael & Hay, 1984; Stewart et al., 1999) . Few authors have reported hourly estimates of discrepancies relative to ground data; however Dedieu et al. (1987) reported RMSE of 20% for a study in France, while Stewart et al. (1999) obtained RMSE of 20.2% in the Yaqui Valley using a different radiation model. The equivalent values found during this study, which lie in the range 9-14% (47-96 Wm" 2 ) therefore compare favourably with these earlier results. As might be expected, the daily average RSME values are significantly less than the hourly RSME values because the satellite provides an instantaneous area-average estimate, while the field observation is a time-average single-point measurement.
The satellite estimates show better agreement with ground data during less-cloudy months (November and March) than more cloudy months (December and February). This result is consistent with previous studies (Raphael & Hay, 1984; Gautier et al., 1980; Stewart et al., 1999) . If cloud movement is responsible for these apparently 53.59(11.78) random differences, it might be argued that satellite estimates provide a more reliable measure of the spatial distribution of surface radiation than a limited network of ground-based pyranometers. However, if the differences are due to rapid changes in cloud amounts which are poorly sampled by the satellite, more frequent satellite images would reduce the scatter (note: the GOES NEXT satellite allows capture of four images each hour, rather than the one image used in the present analysis.) The discrepancies may also in part be due to changes in atmospheric water and aerosol content that, in this study, were assigned their regional, climatological values. In fact, all three causes probably contribute to the observed scatter.
The level of agreement with ground data described above and in the previous section gives confidence in the cloud and solar radiation analysis methods used in this study. Moreover, a comparison by between low-resolution and high-resolution satellite estimates of cloud cover and solar radiation showed better agreement with the surface measurements for the higher resolution than for lower resolution estimates. suggested that using a lower-resolution analysis emphasizes systematic errors in defining the CCR when the underlying land cover is not uniform and enhances the effect of changes in the concentration of water vapour and aerosols in the atmosphere. In any case, low-resolution satellite estimates of solar radiation are arguably less relevant to hydrological (as opposed, perhaps, to meteorological) applications than are the high-resolution estimates because land areas relevant in hydrology, such as catchments and irrigation schemes, are likely to be better sampled by 4-km estimates. The greater specificity in the spatial distribution of solar radiation given using a 4-km grid gives greater opportunity to make more accurate estimates of evaporation using field scale information on crop cover.
Comparison of évapotranspiration with measured ground fluxes
The goal of the present study is to enable and demonstrate the feasibility of using satellite data to estimate the évapotranspiration from the component crops in the Yaqui Valley irrigation scheme. Figures 4 and 5 demonstrate that this is indeed feasible. Figure 4 shows the actual évapotranspiration expressed as daily average latent heat flux in Wrrf 2 during a growth season for two fields, one centred on 27.37°N, 109.92°W that was planted with wheat on 16 December 1998, and one centred on 27.20°N, 110.18°W that was planted with cotton on 1 February 1999. The evaporation estimates are derived by multiplying the daily estimates of potential evaporation for each field by the relevant crop factor as specified by Garatuza et al. (1998) 1998, and (b) planted with cotton on 1 January 1999, here presented as daily average values in Wm" 2 . The estimates were calculated using the high-resolution (4 km) daily average estimates of solar radiation from the GOES-West satellite using the appropriate crop factor given by Garatuza et al. (1998) . In each case, the daily average net radiation measured at one site is also shown as a reference. potential evaporation used in these calculations is that given by the Makkink equation from the high-resolution (4 km) satellite estimates of solar radiation for each field. For one month, April 1999, it was possible to set up two eddy correlation systems (Campbell Scientific, Utah) over the two main crops in the Yaqui Valley. Figure 5 shows the comparison between the estimated actual evaporation derived using satellite-derived solar radiation data in the Makkink equation with appropriate crop coefficients as suggested by Garatuza et al. (1998) on the one hand, and the évapotranspiration measured with the eddy correlation system on the other. Figure 5 clearly shows the increase in evaporation following irrigation starting on day 98 in the case of the (cotton) row crop, and the progressive reduction in the rate of évapotranspiration as the crop loses vigour in the case of the wheat crop. In both cases, the modelled and measured évapotranspiration are in reasonable agreement. Considering only those days for which complete field data are available, the satellite estimate is 23 Wm" 2 (0.8 mm) on average higher than the field measurement for the cotton crop and 7 Wm" 2 (0.25 mm) higher than the field measurement for the wheat crop. Fig. 5 Comparison between the estimated actual evaporation presented as stars, these being the daily average values in Wnf 2 calculated using satellite-derived solar radiation data, the Makkink equation, and the appropriate crop coefficients as suggested by Garatuza et al. (1998) . Also shown as dots are field measurements of évapotranspiration made with an eddy correlation system.
SUMMARY AND CONCLUSIONS
The high-resolution (4 km) cloud-screening algorithm developed in this study proved to be efficient and reliable when tested in application for 13 months for the selected study area, and it successfully classified the pixels in the 4 km x 4 km pixel target areas into clear-sky and cloud-covered categories. Comparison with ground-based measurements of cloud cover gave confidence in the credibility of the satellite estimates of clouds. The success of the high-resolution cloud-screening algorithm bodes well for its use in the application for which it was created, namely to provide high-resolution estimates of surface solar radiation for use in a hydrological model of the semiarid regions of northwest Mexico and the southwest USA.
The re-calibrated satellite estimates of solar radiation show significant scatter relative to field observations when compared in the form of hourly average data. This is consistent with the fact that the satellites provide an instantaneous, area-average estimate, while the field observations are time-average, single-point measurements. A separate study showed that the scatter with the lower-resolution estimates is greater than with high-resolution (4 km) estimates. This result, and the greater spatial specificity of the high-resolution estimates, suggests they are to be preferred in hydrological applications.
The trial use of the high-resolution solar radiation estimates to calculate the seasonal evaporation rate for a wheat crop and a cotton crop in the Yaqui Valley irrigation scheme was demonstrated. This calculation drew on the results of previous studies that had defined a locally calibrated version of the Makkink equation (Garatuza et al., 1992) and locally calibrated crop factors (Garatuza et al., 1998) for these two crops. Comparison of estimated évapotranspiration made from satellite data with measured latent heat flux (albeit the field data were only available for a limited period), shows satisfactory agreement. On the basis of the results of this study, it seems feasible to propose providing routine estimates of evaporation for the most common crops in the Yaqui Valley irrigation scheme based on satellite data. Accordingly, a system to provide such estimates has been established, and the Water Users Association, the entity responsible for water distribution in Yaqui Valley, now uses these results to decide whether specific fields need irrigation. A web site is also now being created which will allow individual farmers to have direct access to the evaporation estimates via the Internet.
